IIASA's project, Sources of Chemical Pollution in the Rhine Basin, is a comprehensive analysis of the sources of toxic materials in the Basin 1950-2010. The study employs the concept of industrial metabolism. This approach provides a comprehensive view of production and consumption processes and their effects on the environment. It entails a systematic analysis of all sources of a given material, its pathways through the industrial economy, and the mechanisms by which it is transformed into outputs to be adsorbed and processed by the environment. Losses to air, water and soil are estimated. In this paper we present the results obtained for the historical development of cadmium pollution. The historical evolution of cadmium pollution is more or less representative of the overall trends for the other heavy metals. The results indicate that the Rhine river has experienced a significant decline in the load of cadmium over the last 20 years. Another observed trend is that while the absolute load to the river has decreased, the relative shares of the load contributed by point sources and diffuse sources have been reversed compared to 20 years ago. While point sources dominated emissions in the early 1970s, now diffuse sources are more important. These sources may be more difficult to control, however, since they are much more numerous than point sources, are related to dissipative consumptive uses which cannot be easily monitored or regulated, and in many cases the pathways and sources of emissions have not been identified.
INTRODUCTION
The IIASA study, Sources of Chemical Pollution in the Rhine Basin, traces pollution by seven toxic chemicals in the basin. The chemicals of interest are cadmium, lead, zinc, nitrogen, phosphorus, PCBs and lindane. The time horizon considered is 1950-2010. The study employs the concept of industrial metabolism. This approach provides a comprehensive view of production and consumption processes and their effects on the environment. It entails a systematic analysis of all sources of a given material, its pathways through the industrial economy, and the mechanisms by which it is transformed into outputs to be adsorbed and processed by the environment. Final inputs to air, water and soil are estimated. In this paper, we present the results obtained thus far for cadmium. The historical evolution of cadmium pollution is more or less representative of the overall trends for the other heavy metals (Stigliani et aZ., 1993b) . More detailed discussions of the research are provided in Stigliani (1993) , Stigliani and Anderberg (1993) , Stigliani and Jaffe (1993) , Stigliani et aZ. (1993a, b) , and Elgersma et al. (1993) .
The Rhine Basin is one of the most densely populated and heavily industrialized river basins in the world. Although the Rhine River comprises only 0.2% of the total flow of all the world's rivers, between 10-20% of the chemical industry of all OECD countries resides within the borders of its basin. Agricultural lands comprise about 50% of the total land. Intensive agricultural activities result in some of the highest crop yields in the world, but this is only accomplished with high inputs of fertilizer and pesticides. Some of the industrial hot spots within the basin occur in the major tributaries -the Saar, the Neckar, the Main, and particularly the Ruhr where half of the former West Germany's steel industry is located, as well as a high concentration of nonferrous metal refining and other chemical industries. Duisburg, located where the Ruhr meets the Rhine is the largest inland port in the world. With regard to heavy metals, the load that enters the Rhine is, on an annual average, almost entirely transported downstream into the Dutch Delta, where about 75% of the load is deposited in sediments and about 25% is washed out to the North Sea.
The first task in our study for each of the selected chemicals was to make an inventory of all emissions and depositions in the basin, and to calculate the loads to the Rhine River. Included were all identifiable point-sources as well as runoff from urban, agricultural, and forested lands. We also obtained a European point-source list of nearly 1000 entries, and estimated air emissions for each source (Pacyna, 1988; Pacyna and Munch, 1988) . This data base, coupled with estimates of historical emissions factors (Pacyna, 1991) , and an atmospheric transport and deposition model (Alcamo et ai., 1992) , allowed us to estimate the flux and deposition of heavy metals into and out of the basin via the atmosphere. The time horizon of the study was 1950 to 2010, and the spatial resolution considered was on the scale of the German kreise (typically 1000 km2).
THE EXAMPLE OF CADMIUM POLLUTION IN THE BASIN
A total of twenty-four sources of cadmium were traced in our analysis. They included, e.g. fossil fuel combustion, ferrous and non-ferrous metal production, phosphate fertilizer and cement manufacturing, where cadmium is emitted as a trace and unwanted impurity. In addition, there are four major cadmium-products in which cadmium is deliberately added. These are nickel-cadmium (Ni-Cd) batteries, pigments, stabilizers, and plate. Emissions must be considered during manufacture, use and disposal of these products.
As shown in Figure 1 , consumption of cadmium in the basin peaked in the 1970s and is now decreasing rapidly, except for Ni-Cd batteries, which have in fact experienced large increases in use in the last decade (Stigliani et ai., 1993c) . With regard to other products, most of this decline is due to anxiety on the part of the cadmium-product industry, who foresee a probable ban on most cadmium products and are trying to stay one step ahead of the regulators. Figure 2 shows the load of cadmium (in tons per year) to the river for the period of the mid-1970s, the late1970s to early-1980s, and mid-1980s. This analysis is based on monitoring data provided by the International Commission for the Protection of the Rhine. The Commission has maintained an intensive monitoring program for most heavy metals of environmental significance for about 20 years. The trend exhibited at the Lobith monitoring station at the German-Dutch border represents the cumulative load from all upstream sources to the river. Moreover, the load is divided into shares from point and non-point (diffuse) sources. (For a discussion of how these data were analyzed, see Behrendt ( 1993) .) Two trends are obvious. Firstly, there has been a rapid and steep reduction in the total load since the mid-1970s. At that time about 145 tons crossed the German-Dutch border, compared to only about 26 tons in the mid-1980s. The second trend is that the diffuse load of cadmium is now more important than the point-source load, increasing from about 18% of the load in the mid-1970s to nearly 60% in the mid-1980s.
As shown in Figure 3 , Stigliani et ai. (1993c) have estimated the sources of point-source emissions according to industrial sector. There are two interesting aspects concerning the industrial sources.
The first point is that until the 1980s non-ferrous metal refining was the major source of cadmium emissions. This was due to two zinc smelters in Duisburg which had no economic interest in refining cadmium, but rather, treated it as an unwanted waste product. Our mass balance analysis for these smelters indicated that they must have discharged what would normally be considered as solid wastes directly to the river, and that this was done indiscriminately. Large reductions in these emissions were achieved around 1980 in part by recycling the wastes to a nearby zinc/cadmium refinery. Further reductions were achieved when one of the smelters ceased refining zinc ore entirely in the early 1980s. Our findings suggest that in highly polluted areas, e.g. in Eastern Europe, much of the pollution is caused by "sloppy housekeeping" and that large reductions in pollution can be achieved relatively inexpensively by becoming better "housekeepers."
The second point is related to iron and steel production. Historically, this sector has been the second largest source of pollution to the river. Cadmium enters into iron and steel production inadvertently, mainly from 1953-57 1958-62 1963-67 1968-72 1973·77 1978-82 1983·87 1988 e the recycling of scrap steel, a small fraction of which is coated with cadmium plate. The decreasing use of cadmium for plating (Figure 1 ) has helped to reduce these emissions.
With regard to non-point sources, urban areas are a major contributor, mostly due to runoff from paved areas. In order to quantify the inputs from urban areas we developed an urban pollution model, shown in Figure 4 . This figure shows the three main diffuse sources of heavy metal pollution in urban areas -traffic, corrosion, and atmospheric deposition. The importance of these sources differs for different metals. Traffic is the most important source of lead pollution, while corrosion is the most important pollution source of zinc, and atmospheric deposition is the most important source for cadmium (Stigliani et aI., 1993c) .
Although deposition occurs on both paved and non-paved surfaces, pollutants deposited on impervious paved areas are much more likely to be transported directly to sewage treatment plants or to surface waters as storm runoff. For most cities in the Rhine Basin, the storm sewers are connected to the domestic sewers. Pollutants enter the river either as (post-treatment) sewage effluent, or as overflow during heavy storm events when typically 90% of the storm water is discharged without treatment. Most likely an even larger share of the urban atmospheric deposition falls on unpaved areas. The pathway from these areas to the river, however, is more indirect. In this case the pollutant can either be stored in the urban soil, or it can leach into ground and surface waters. Table 1 shows our estimates for diffuse aqueous emissions of cadmium from urban and agricultural areas (Stigliani and Anderberg, 1993) . There has been a decrease in diffuse urban emissions from about 23 tons in 1970, to about 6 tons in 1988. The major reasons for this decrease have been: ( 1) the decline in atmospheric emissions and deposition of cadmium; (2) the decline in corrosion of galvanized zinc and associated cadmium; and (3) a reduction in runoff and leaching from unpaved areas, including leaching from landfills. This latter trend is due to reduced atmospheric deposition and to the changes in the construction design of newer landfills, which typically contain impervious liners to reduce leaching.
There has also been a reduction in aqueous emissions from agricultural areas, from about 12 tons in 1970 to about 7 tons in 1988. This trend is mainly due to a decline in the concentration of cadmium in the storm runoff, owing to reductions in atmospheric emissions of cadmium. Stigliani and Anderberg (1993) and Stigliani and Jaff e ( 1993) atmospheric deposition, and deposition on the land, including inputs from agrochemical and solid wastes. One may observe that over 180 tons of cadmium were deposited directly to the river, 8 tons entered via runoff and leaching from urban areas, 12 tons from farmlands, and 1 ton from forests. Significant quantities of cadmium remained on the lands. Over 800 tons were accumulated on urban lands, nearly 100 tons on agricultural lands, and over 40 tons on forested land.
Figure 5(b) shows the same flows of cadmium for 1988. One may observe the large overall reduction in inputs to the environment. Only 17 tons were emitted directly to the Rhine. The diffuse load accounted for 12 tons: 4 tons from urban areas, 7 tons from agricultural areas, and 1 ton from forested areas. There was a net retention of over 300 tons in urban areas, over 40 tons in agricultural areas, and just under 10 tons in forested areas.
CONCLUSIONS
The River Rhine has experienced a significant decline in the load of cadmium to the river over the last 20 years. This trend for cadmium also pertains to other heavy metals. Another observed trend is that while the absolute load to the river has decreased, the relative shares of the load contributed by point sources and diffuse sources have been reversed compared to 20 years ago. While point-sources dominated emissions in the early-1970s, now diffuse sources are more important. These sources may be more difficult to control, however, since they are much more numerous than point sources, and they are related to dissipative consumptive uses which cannot be easily monitored or regulated, and in many cases the pathways and sources of emissions have not been identified.
